Inelastic neutron scattering performed at a spallation source is used to make absolute measurements of the dynamic susceptibility of insulating La 2 CuO 4 and superconducting La 1.86 Sr 0.14 CuO 4 over the energy range 15 ≤hω ≤ 350 meV. The effect of Sr doping on the magnetic excitations is to cause a large broadening in wavevector and a substantial change in the spectrum of the local spin fluctuations. Comparison of the two compositions reveals a new energy scalehΓ = 22 ± 5 meV in La 1.86 Sr 0.14 CuO 4 .
It is well known that the parent compounds of high temperature superconductors are antiferromagnets displaying strong spin fluctuations [1] . The one-magnon excitations of one such parent compound, the spin- 1 2 square-lattice antiferromagnet La 2 CuO 4 , have been characterized throughout the Brillouin zone [2] [3] [4] . In contrast, observations of the magnetic excitations for superconducting compositions [5, 6] have been limited to relatively low frequencies. Indeed, the measuring frequencies have generally been below pairing energies (≈ 10 meV for optimally doped La 2−x Sr x CuO 4 ) and very much less than the underlying magnetic coupling strengths and spin-flip energies 2J ≈ 320 meV of the parent insulating antiferromagnets. Thus, the extent to which doping affects the underlying antiferromagnetism is unknown for energies beyond J/10. Exploring this energy range is essential because it is the short-wavelength and high-frequency spin physics which may ultimately be responsible for many of the unusual properties of the cuprates. One might ask whether this physics is the same in the superconductors and insulating parents. To begin to answer such questions, we have used neutron scattering to measure the magnetic response of La 2−x Sr x CuO 4 with x = 0.14 throughout the Brillouin zone and for energy transfers between J/10 and 2.5J. Neutron scattering is unique in comparison to other probes [7] [8] [9] of the magnetic response both because of its unrivalled access to excitations with arbitrary energy and wavevector as well as a magnetic cross-section which is simple and well-known. Our key result is that the doping affects the magnetic fluctuations at all frequencies up to 2J ≈ 320 meV. In particular, spectral weight is removed from the magnetic Bragg peak and the high-frequency spin waves of the pure La 2 CuO 4 parent to create a magnetic fluctuation spectrum with a distinct maximum at an energy of order 20 meV.
Experiments were performed on the MARI spectrometer at the ISIS spallation neutron source of the Rutherford-Appleton Laboratory. MARI is a direct geometry chopper spectrometer. The use of this type of spectrometer for measuring high-frequency spin fluctuations in single crystals has been described elsewhere [3, 4] . The samples in the present investigation were assemblies of single crystals with total masses 48.6g and 24g for La 2 CuO 4 and La 1.86 Sr 0.14 CuO 4 respectively, and were prepared as for previous experiments [3, 5] . The x = 0.14 crystals were all bulk superconductors with T c = 35 K. Following previous practice [1] [2] [3] 6] , we use the orthorhombic nomenclature to label reciprocal space so that the basal planes are parallel to the (010) plane. We do not distinguish between a and c. In this notation, antiferromagnetic order in La 2 CuO 4 occurs at Q = (1, 0, 0). For all data reported here, samples were aligned with the (001) plane coincident with the principal scattering plane of the spectrometer. The detectors were 300mm-long 25mm-diameter tubes arranged with their axes perpendicular to the spectrometer plane. Scattering angles 2θ were in the range 3.43 to 15.0 deg. Following common practice, absolute unit conversions were performed using a vanadium standard [4, 10] . Fig. 1 shows data collected as a function of Q along the (1, 0, 0) direction for various energy transfershω with E i =300 meV. For pure La 2 CuO 4 , this implies that we intercept the magnon dispersion surface along horizontal trajectories of the type shown in Fig. 1(a) . The magnetic neutron scattering cross section per formula unit is given by [11] ,
where k i and k f are the initial and final neutron wavenumbers respectively, and S αβ (Q, ω), the Fourier transform of the spin-spin correlation function, is
For an antiferromagnet, such as La 2 CuO 4 , we average over magnetic domains yielding
Because of the large variation of the k f /k i Fermi factor and Cu 2+ magnetic form factor F (Q) [1, 12] over the data in Fig. 1 , we have transformed our results using Eq. 1 to yield S(Q, ω). Our observations are consistent with previous lower-statistics data collected on a similar spectrometer [3] . As Fig. 1 
illustrates, a spin-wave peak is observed near h = 1. The peak becomes broader at higher energies due to the spin-wave dispersion. Twin peaks due to counter-propagating spin-wave branches are not seen due to the poor resolution in the out-of-plane (001) direction. The increased scattering at larger h is due to phonons. 14 CuO 4 , is substantially broader than for the insulator, La 2 CuO 4 . This is not surprising given that, at low ω, the metal displays incommensurate magnetic peaks, with h = 0.88 and 1.12 [5, 6] when projected onto the (1,0,0) direction. These peaks broaden rapidly with increasinghω. In contrast to what occurs for the insulator, the broadening in Q is not obviously dependent onhω.
At the highest energy transfers in Fig. 1 , it is clear that the signal is vanishing more rapidly for the superconductor than for the insulator. We therefore increased the sensitivity of the spectrometer, while coarsening the resolution, by raising E i to 600 meV. Fig. 2(a) -(c) shows the resulting cross-section, corrected only for the Fermi factor in Eq. 1, in the form of constant-ω scans (horizontal trajectories in Fig. 1(g) ). Forhω = 175 ± 25 meV (frame(c)), we find that a magnetic peak remains at (1,0,0). A peak is no longer apparent forhω = 237.5±37.5 meV, but there is still finite scattering. Finally, forhω = 325±50 meV, the scattering is indistinguishable from zero. Fig. 2(d) and (e) show the E i = 600 meV data transformed to give S(Q, ω) and plotted in the form of constant-Q scans centered on the magnetic zone center (1,0,0) and zone boundary (1.5,0,0) (vertical trajectories in Fig. 1(g) ). The important conclusion from both the constant-hω and the constant-Q scans is that there is appreciable magnetic scattering up to but not beyond a cut-off of approximately 280 meV. Furthermore, there is a weak peak near 240 meV for the zone-boundary scan Fig. 2(d) . The observed scattering is approximately three times weaker (dotted line) than expected from La 2 CuO 4 under the same experimental conditions. It has also been shifted to a frequency 20% lower than in the insulating parent [2] [3] [4] .
So far, we have concentrated on the detailed ω-and Q-dependence of the observed response. Also of interest are aggregate quantities such as (i) the equal-time spin correlation function S(Q) = ∞ −∞ dω S(Q, ω); (ii) the zero-frequency susceptibility χ
We have therefore computed (i)-(iii) directly from our data, exploiting the fact that for 2D systems, such as La 2−x Sr x CuO 4 , the experimental geometry chosen provides essentially complete images of χ ′′ (Q 2D , ω) [3] . Our estimates are for the energy range 15-150 meV, previous studies have been limited to energies below 30 meV [1, 5, 6] . For La 2 CuO 4 , S(Q) consists of a peak centered at (1,0,0) (Fig. 3(a) ) with half-width-at-half-maximum (HWHM) κ = 0.16 ± 0.01Å −1 . The fact that the peak in S(Q) is considerably broader for La 1.86 Sr 0.14 CuO 4 (Fig. 3(c) ), examined using the same spectrometer configuration, implies that the experimental resolution, for which no corrections have been made, makes a small contribution to κ for La 1.86 Sr 0.14 CuO 4 . The peak width is κ = 0.27±0.04Å −1 , corresponding to a pair correlation length of 3.7±0.5Å which is indistinguishable from the nearest-neighbor separation (3.8Å) between copper atoms. In the case of La 2 CuO 4 (Figs. 3(a) and (b) ), χ ′ (Q) (κ = 0.13 ± 0.01Å −1 ) is somewhat sharper than S(Q) (κ = 0.16 ± 0.01Å −1 ), because the Kramers-Kronig transform gives relatively higher weight to low frequencies where the spin wave peak is narrower (see Fig. 1 ). On the other hand, for La 1.86 Sr 0.14 CuO 4 , where the width of the peak centered on (1,0,0) is not obviously ω-dependent, the shapes of χ ′ (Q) and S(Q) are virtually identical. In particular, a HWHM of κ = 0.26 ± 0.05Å −1 characterizes χ ′ (Q). The Brillouin-zone-averaged susceptibility χ ′ (Q) BZ derived from ourhω ≥ 15 meV measurements is 2.4 ± 0.5 µ 2 B eV −1 f.u. −1 or 1.9 ± 0.4 × 10 −7 e.m.u. g −1 , which is comparable to the measured bulk (Q = 0) susceptibility [13] χ bulk ≈ 1 × 10 −7 e.m.u. g −1 . Fig. 4 shows that the local susceptibility χ ′′ (ω) evolves as dramatically with doping as S(Q) and χ ′ (Q). While χ ′′ (ω) increases slightly with ω for pure La 2 CuO 4 , it decreases with ω over the frequency range probed in the present experiment on La 1.86 Sr 0.14 CuO 4 . If we also include data from a reactor-based experiment [14] on La 1.86 Sr 0.14 CuO 4 we find that χ ′′ (ω) is actually peaked nearhω =hΓ = 22 ± 5 meV and a Lorentzian χ ′′ (ω) ∼ Γω/(Γ 2 + ω 2 ) describes the data. Of course, for the pure compound, there is a magnetic Bragg peak (with weight 0.36 µ The simplest theory to which we can compare our La 2 CuO 4 data is that of linear spin waves [11] . In a two-dimensional antiferromagnet, the spin-wave velocity and overall amplitude show quantum renormalizations [15, 16] with respect to their classical (large S) values which can be described by the factors Z c ≈ 1.18 and Z χ respectively. Fig. 1(b)-(f) shows fits to the data of linear spin-wave theory with an effective exchange interaction J = 153 meV [3] , including a frequency-independent quantum renormalization Z χ of the overall intensity. Our measured Z χ = 0.39 ± 0.1 is in agreement with previous work [4] and close to the prediction of a 1/S spin-wave expansion [16] , Z χ = 0.51.
Spin-wave theory cannot be used to describe the data for La 1.86 Sr 0.14 CuO 4 because the scattering is both too broadly peaked in Q and strongly decreasing withhω (see Fig. 4 ). Even so, spin-wave theory may be applicable at very short wavelengths and high frequencies. We have therefore fitted a linear spin-wave model to the data in Fig. 2 forhω > 100 meV. The solid lines represent the best fits for which J = 130 ± 5 meV and Z χ = 0.15 ± 0.06. While the effective J is not much less than that for pure La 2 CuO 4 , Z χ is much reduced. This can be seen from the comparison between the expected signal for La 2 CuO 4 , calculated for the present spectrometer resolution using the previously established cross-section [3] , , and the observed signal for La 1.86 Sr 0.14 CuO 4 shown in Fig. 2(d) .
To place the current results in the context of what is known about the spin dynamics of La 1.86 Sr 0.14 CuO 4 , we recall that at low frequencies,hω < ∼ 15 meV, χ ′′ (Q, ω) shows peaks at incommensurate positions around (100) [5, 6] . The peaks broaden considerably ashω is increased towards 15 meV. It should therefore come as no surprise that we do not observe incommensurate maxima in the current high-energy measurements, for whichhω ≥ 15 meV.
Comparison of the present data and low-ω data [14] , both of which are on absolute scales, shows that the incommensurate features contribute considerably less integrated weight, to S(Q), than the broad peak around (1,0,0) displayed in Fig. 3(c) . Thus it appears that the magnetic response for La 1.86 Sr 0.14 CuO 4 consists of a quasiparticle contribution [17] , giving rise to sharp incommensurate features, superposed on a broad background due to short-range antiferromagnetic correlations.
In summary, our measurements on La 1.86 Sr 0.14 CuO 4 show that doping the Mott insulator La 2 CuO 4 dramatically modifies its magnetic excitations over a wide frequency range. The principal changes are that the excitations are greatly broadened in wavevector and there is a substantial redistribution of spectral weight in frequency. The corresponding antiferromagnetic correlation length, deduced from examining integrals of χ ′′ (Q, ω) over an unprecedently large frequency range, is indistinguishable from the separation between nearest neighbor Cu atoms. Finally, when combined with earlier data, the present results imply a new energy scale, 22 ± 5 meV, characterizing the spin fluctuations in superconducting La 1.86 Sr 0.14 CuO 4 .
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